heated, rotational moulding tool has been developed to produce PEEK polymer liners, samples of which have then been overwrapped using CF/PEEK in a laser assisted tapeplacement (LATP) process to produce demonstrator samples of a polymer lined COPV.
INTRODUCTION
Composite overwrapped pressure vessels (COPVs) have become a critical component in satellite and space applications since their initial introduction in the early 1970s [1, 2] . Their ability to store highly permeating fuels at high pressures and under cryogenic conditions has solidified their usage in propulsion systems, breathing systems, and manoeuvring systems aboard rockets, satellites, and spacecraft [3] [4] [5] . Their light weight configuration, dimensional flexibility, and inherent cost savings has seen them readily incorporated into numerous missions [5] [6] [7] while also having significant cross over into other industry sectors such as fire fighter breathing systems and fuel tanks for aircraft and automobiles [8] [9] [10] .
COPVs consist of two distinct layers: the inner low-permeability liner and the outer high strength fibre overwrap. The thin inner liner acts as a barrier to permeation and limits leakage of the fuel while the outer fibre overwrap contains the stresses generated by the containment of the fuel within. Titanium and aluminium have been the preferred liner materials for space applications [11] [12] [13] , with Kevlar and carbon fibre epoxies being employed in the overwrapping of the liner [14] . While COPVs have proved exceptional at storing fuels, their main drawbacks are the associated cost of the metallic liner material and the subsequent liner manufacturing costs [15] , with recent research focused on creating new and innovative COPV designs [16] [17] [18] [19] [20] [21] [22] [23] .
Figure 1. Overview of the complete production process including (a) mould charging with powder, (b) rotational moulding of the liner, (c) demoulding of the liner, (d) over-tape placement using the LATP process, creating (e) a finished COPV.
To this end, polymers have been identified as a viable replacement material for metallic liners in future COPV designs due to their light weight characteristics, low permeability properties, and reduced material costs. A number of studies have already investigated the viability of polymers as low permeability materials [16] [17] [18] [19] [20] [21] [22] [23] [24] but little focus has been placed on moulding methods for polymer liner production. While different processes have been used, such as blow injection moulding and thermal welding techniques [19, 20] , these methods are capital intensive and have resulted in transferring the cost of production to the tooling, and thus have not significantly reduced the cost of the COPV as a whole. To this end, a modified rotational moulding tool has been constructed as an alternative manufacturing method for low permeability liner production. The commercial advantage of rotational moulding lies in the low cost of the mould tooling, as it is a zero-pressure process [25] . This is particularly suitable for moulding of space fuel tank liners, where the number of components to be moulded may only total in the dozens. These liners, once moulded, can then be overwrapped with a CF/PEEK tape using a laser assisted tape placement process to form fully functional COPVs using the production process outlined in Fig. 1 .
METHODOLOGY AND EXPERIMENTS

MATERIALS AND METHODS
Materials
The materials utilised throughout this research consisted of a number of different polymer and composite materials. For the initial rotomoulding trials and tooling verification, a polyethylene powder from Borealis, Borecene RM8343 [26] , was used to qualify the tooling and demonstrate the effective control of heating parameters in the process due to the inexpensive nature of polyethylene powder grades for rotational moulding. For the PEEK polymer liner used for cryogenic fuel storage in the designed COPV, a 50/50 mixture of PEEK 150P and PEEK 150PF from Victrex [27, 28] was used to mould the final liner material. IM7 CF/PEEK from Suprem [29] was used in the production of all composite materials with unidirectional tape grades (nominal width of 140 mm) used for hand laid autoclave samples and (nominal width of 14 mm) for the LATP process. While the composite materials are the same, except for the tape widths, the properties of the parts formed will be dependent on the manufacturing methods employed in their respective production processes.
Hot Plate Moulding
Hot plate moulding of polymer lined COPV samples was undertaken to allow for a comparison to be made to the rotomoulded and LATP overwrapped specimens, as it is a common and inexpensive method of specimen moulding when simulating rotational moulding operations [23] . Hot plate moulding uses a heated metal surface without an applied pressure to mould laminates free of residual stresses. A polymer powder is placed on the metal surface of the hot plate and is heated until it melts and coalesces together. The heating is then disengaged and the part cools to form a solid component. A representative heating cycle has been included in Fig. 2 to show the similarity in temperature cycles between the hot plate moulded parts and the rotationally moulded parts to be shown later.
For the production of demonstrator components, a preformed 8 layer [45°/135°/0°4/135°/45°] autoclaved CF/PEEK Suprem IM7 laminate was placed on the hot plate surface and a layer of PEEK powder was placed on top of the sample. The polymer layer was melted on the composite laminate, through the application of heat (up to 400°C), and then allowed to cool to room temperature to form a demonstrator polymer lined COPV component for testing. These samples were X-ray CT scanned and cryogenically cycled, using the methods explained hereafter, and offer an insight into the differences in properties achieved with the rotomoulding and LATP processes for the current polymer lined COPV design. 
Modified Rotational Mould Tooling
The tooling developed as part of this research is a modified rotational mould tool incorporating an integrally heated electrical system which is placed directly on the tool. The modified tooling removes the need for a large heating oven, which is typical of traditional rotomoulding processes, and increases control of temperature distributions in the mould tool via segregated heating. This enhanced thermal control within the tool increases the dimensional accuracy of parts and improves wall thickness consistencies. The tooling constructed for the current research was fabricated from a number of different materials and systems and can be separated into two main components: the metal mould tool and the heating system. Mild steel plate was the primary mould wall material, with a thickness of 2 mm used throughout the tool. The flange region consisted of a 5 mm thick mild steel plate, with the increased thickness needed to support the mounting of all connections for the rotating rig.
The heating system consisted of three main components; a ceramic resin, a structural glass fibre layer, and the electrical heating lines. The resin consisted of a calcined alumina and calcium aluminate mixture, with the addition of a potassium silicate solution and water in an 80:20 powder to liquid ratio. The heating system used was a HTSAmptek heating tape [30] with an approximate width of 25 mm, a maximum operating temperature of 700°C, and a resistance of approximately 65 Ω (equating to an average length of 200 cm). The glass fibre layer consisted of a +45°/-45° woven fabric which was cut to fit the tooling shape.
The external surface of the metal mould tool was covered in a release film, prior to the heating system application, to mitigate the chances of bonding between the tool and the heating system. This allowed the heating system to expand in an unconstrained manner and 7 alleviated the risk of cracking in the hardened ceramic layer during heating operations. Once the release film was in place, the heating system was applied in a layered configuration, as outlined in Fig. 3 , with the heating lines being sandwiched between two layers of ceramic resin and two layers of fibre glass above and below the heating wires. The heating lines were applied directly beside each other in a linear pattern with no gaps between adjacent lines to ensure consistent temperature distributions across the tools inner mould surface. a cooling fin during heating operations, and as such is the area of greatest heat loss. The temperature control in the flange region is therefore independent to that of the main body of the tool. K type thermocouples were embedded in the heating system at specific locations in the flange and main body as outlined in Fig. 3 (c) . The entire rotomoulding system is pictured in Fig. 4 and shows the tooling mounted to the rotating rig which has an internal area of 2.5 m 2 and so allows for the moulding of considerably larger parts. 
Laser Assisted Tape-Placement
LATP is an innovative manufacturing method that utilises a robotic arm and an infrared laser to melt and consolidate a thermoplastic composite tape onto a defined surface. It benefits from in-situ consolidation of the composite tape as it is applied, removing the need for postautoclave processing and decreasing the cost of part formation. The laser moves ahead of the tape and heats both the incoming tape and the substrate surface to the required processing temperature. The tape is then immediately pressed into the substrate through the use of a pressurised roller which consolidates the tape to the substrate and induces
proper bonding between individual layers [31] [32] [33] . The tape-placement occurs at around 8 to 12 m/min [32, 33] and so the process is equivalent to comparative automated tapeplacement methods such as hot gas heating and infrared lamp heating (3 to 9 m/min) [34] [35] [36] . While some previous research in LATP forming methods has been conducted [37, 38] , a renewed emphasis on LATP methods has emerged in recent years with a focus on fracture testing of CF/PEEK composites [32, 33] , LATP thermal process modelling [31, [39] [40] [41] , and COPV overwrapping modelling [42] at the forefront. The main barrier to LATP acceptance has been the lower mechanical performance of the tape-laid structures, when compared to autoclaved structures, with improvements in pre-preg properties and processing parameters needed to achieve similar mechanical properties [32] . Specific differences in void content and crystallinity percentages are highlighted as the main factors governing the differences in LATP and autoclave characteristics, with a drive towards process optimization to achieve a better balance in LATP characteristics [32, 33] . 
Permeability Testing
The permeability testing conducted here followed the standard test method as outlined in ASTM D1434 [43] . Each sample was clamped between two aluminium chambers and a vacuum was applied to both sides of the sample to remove any residual gases. Once the downstream chamber reached a significantly low vacuum, the helium leak rate detector, a Leybold L200, was engaged. Helium test gas with a purity of 99.999% was then pumped into the upstream chamber, at an applied pressure of 1.15 bar, and permeated through the sample over time. "Leakware" software was then used to map the leak rate through the sample and these results were used to calculate the resultant permeability coefficients. Leak rates, J, permeability coefficients, P, diffusion coefficients, D, and solubility coefficients, S, have been obtained for each material configuration using the time lag method of analysis as previously outlined [22] . This is a standard method used to define permeability coefficients for materials based on precise measurements of gas leak rates at steady state conditions and constant leak rates [22, 44, 45] . Tests lasted anywhere from 12 to 48 hours depending on the material thickness and the samples intrinsic material properties.
Three samples per material have been tested for leak rates. These results were used to define coefficients for the individual materials in the COPV design. This includes:
• (L1) The rotomoulded PEEK liner material;
• ( 
Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) has been used to assess the crystallinity of polymer and composite components moulded using different processing methods. DSC is a thermal analysis technique that determines the melting temperature and crystallinity percentage of materials by measuring the heat required to increase the temperature of a small sample of the material and comparing the result to that of a 100% pure sample. DSC testing was conducted using a Shimadzu DSC-60 based on the heat-flux method. [48] and has been used to assess the crystallinity of all PEEK polymers and composites tested here. The DSC measurement obtained for the PEEK composite materials must be altered to consider the mass fraction of the composite fibres in the sample to provide a true value of crystallinity [49] [50] [51] . Higher crystallinity usually equates to lower permeability [52] [53] [54] [55] , and as such crystallinity is an important factor governing permeability.
Cryogenic Cycling
Thermal cycling trials were performed on the LATP liner-over tape-placed samples to simulate the filling of a COPV fuel tank with a cryogenic fuel. Cryogenic cycling induces a residual stress build-up in the samples due to the differences in coefficients of thermal expansion between the polymer liner and composite, and tests the susceptibility of the design to delamination, fracture, and overall liner integrity over the rapid change in temperature. The thermal cycling process involved immersing samples into liquid nitrogen for two minutes, to simulate the cryogenic cooling process to temperatures below 77 K (-196 °C). Samples were then removed from the liquid nitrogen and heated to ambient temperatures over a further eight minute period constituting a single cryogenic cycle as is consistent with standard methods [56] [57] [58] [59] . Samples were cycled up to fifty times and their internal structural integrity was monitored with X-ray CT scanning.
X-ray CT Scanning
Intermittent X-ray CT scanning was performed on the samples between cryogenic cycles to analyse the samples internal structure, at the bond interface between the liner and composite, during repeated cryogenic cycles which allowed for the monitoring of internal crack growth over time. X-ray CT scanning has been used by a number of authors for analysing polymer and composite materials, specifically in the area of void and microcrack mapping [22, 32, [59] [60] [61] [62] [63] [64] . The majority of analyses conducted for COPV applications have centred on epoxy composites with graphite [65, 66] and carbon fibres [57, [67] [68] [69] [70] , with limited analyses of carbon fibre PEEK composites [59, 71] , and even less so for LATP CF/PEEK laminates [42, 72] .
The X-ray CT machine used here was a GE V/tome/X m300 with a Microtom gun operating at a voltage of 230 kV and 60 μA, giving a scan power of 13.8 W. The sample was rotated through 360° while over 1000 X-ray images were taken, and these images were used in conjunction with VG Studio Max 2.2 software, to render a 3D model which was then used to analyse internal defects and cracks. Significant clarity of the samples internal structures after cryogenic cycling has been obtained with voxel sizes of less than 10 μm achieved (nominally based on sample size, position, and X-ray settings). Polymer liner samples, which had been over tape-laid with the LATP process, were assessed using X-ray CT scanning before cryogenic cycling, and after 1, 2, 3, 5, 10, and 50 cryogenic cycles respectively. The results of these analyses are compared to hot plate moulded polymer lined COPV samples to demonstrate the differences in thermal residual stress build up on cracking and liner failure.
Nano-indentation Testing
An assessment of the effects of the laser heating process on the PEEK liner was also undertaken using nano-indentation on the sample cross section to determine the change in elastic modulus, EIT, at the PEEK liner material interface. The laser melts the polymer liner surface during processing to form the bond between the CF/PEEK tape and the PEEK liner surface. However, this rapid heating and rapid cooling changes the structure of the polymer liner at the bond interface. Nano-indentation testing characterises the mechanical properties of a material on a microscopic level using an indenter tip, with a known shape, to indent the sample while measuring the applied force and displacement during loading and unloading of the sample [73] [74] [75] [76] [77] . Testing was performed with a nano-indenter (CSM Instruments SA, Switzerland) following ASTM E2546 [73] using a pyramidal Berkovich diamond indenter tip, in conjunction with the Oliver and Pharr method of material property analysis [77] . The Berkovich tip factors used were consistent with standard practices [73] [74] [75] [76] [77] while the Poisson's ratio of PEEK had an assumed value of 0.38 [78] . given a nominal Young's modulus of 5 GPa which is consistent with published results. A minimum spacing of 75 μm was maintained between indents to avoid discrepancies due to overlapping fields of elastic deformation [85] . Eleven indents were performed per test in a staggered pattern, as shown in Fig. 6 . The first indent in every test was a depth calibration to ensure consistent measurements across all tests. This scheme allowed for the minimum distance between indents to be maintained while incrementally increasing the distance of the indents outward from the bond line between the liner and tape-laid sample.
RESULTS AND DISCUSSION
Tooling Design
Two different temperature cycles were applied to the tooling to highlight the difference in flange heating control optimisation. The first trial run, whose heating trace is outlined in Fig.   7 , shows the effects of heating the flange and main body at the same rate for the entire heating cycle. In Fig. 7 , the inner air temperature is higher than the corresponding mould tooling temperature which is not directly the case within the tooling. This is due to the inner air temperature being measured directly from the tooling vent while the mould tooling temperature is taken from outside the heating lines where the thermocouple is embedded in the heating system. In this way the mould tooling measurement can lag behind the inner air measurements as it has a layer of materials between it and the mould surface measurement. In reality the mould wall temperature should always be greater than the inner air temperature. The second trial run, Fig. 8 , utilises an optimised flange heating approach, designating the flange as a single zone such that heating at the parting line can be altered to keep the temperature distribution uniform across the wall section of tool which in turn enhances wall thickness consistencies. This is demonstrated by heating the flange region to the melting point of polyethylene, over a 10 to 15 minute period, prior to engaging the heating in the rest of the tool. In this way, the flange region near the parting line will start to melt polymer powder particles at an earlier stage in the process, in comparison to the main body of the tool, and so the wall thickness build up will be increased in this region to compensate for the heat loss experienced at the parting line.
A thermal imaging camera was used to characterise the two heating cycles individually in a separate analysis to examine the temperature distribution inside the tool, Fig. 9 (a) , during the heating cycle. Fig. 9 (b) shows the thermal image of the internal tool surface for the first cycle involving the uniform heating rate across the entire mould tooling. Here the temperature near the flange is lower than the surrounding mould tooling from the start of the heating cycle right through to the end with 20 °C temperature differences recorded. In contrast the second heating cycle has the opposite effect. Fig. 9 (c) shows that the area near the flange heats at a faster rate than the rest of the tool and so the flange region nearest to the parting line is now the hottest part of the tool. This will continue throughout the cycle and allows the parting line region to be at a uniform temperature with the rest of tool for the duration of the moulding process to enhance powder pick up consistencies during component formation. The demonstrator parts produced from these two heating cycles were then analysed for
wall thickness consistencies to demonstrate the improvements achieved with flange heating optimisation. Fig. 10 shows the average wall thickness distribution of each demonstrator moulded, with the first cycle using uniform heating showing a sporadic distribution with a significant decrease in thickness at the parting line (300 mm mark on the distance length).
The second cycle shows a clear and consistent linear distribution which is superior to the first heating cycle. The flange heating at the parting line is clearly beneficial for part consistency and highlights the enhanced level of control achievable.
Figure 11. Flange heating profiles for three separately rotomoulded PEEK tanks with the effects on the parting line consolidation highlighted.
This process has also been used to optimise the production of PEEK polymer liners, whereby segregated flange heating was used to increase the consistency of wall thickness distributions of PEEK demonstrator components at the parting line. The flange temperature was increased for each subsequent cycle until the parting line defects were removed, in an iterative process, and in this way the flange heating was optimised. The use of the higher flange heating has overcome the heat loss effects of the flange region and allowed for the production of a consolidated liner without defects at the parting line as displayed by the photos of finished demonstrators within Fig. 11 . The same powder mass was used in all tanks pictured and so the change in flange wall thickness distribution can be solely attributed to the flange optimisation procedure.
Permeability Test Results
Permeability testing was performed on all materials used in the formation of the polymer lined COPV demonstrator. An allowable leak rate of 1 x 10 -3 scc/s has been set for the 90L
COPV designed here, with the COPV having an assumed internal surface area of 1 m 2 , and operating at a pressure of 5 bar. This equates to an allowable leak rate of 2.3 x 10 -4 scc/m 2 s for helium testing at 1.15 bar through the use of Fick's law [44, 86] This is to be expected as the autoclave samples go through a much slower cool down process and hence have higher crystallinities than the LATP samples which are rapidly cooled in air after the laser heating and melting process and so have a much lower crystallinity. The connotation L1/L2, for the crystallinity of L3, defines that L3 is formed from the combination of both materials L1 and L2 and so has a crystallinity which is equal to both materials in their constituent locations in the part design. While this is one variable affecting the permeability of both materials, it is more likely that the internal defects and voids created by the inconsistency of the LATP process are the cause of the higher permeability coefficients of the LATP samples, as will be demonstrated later via X-ray CT scanning.
The main result to highlight from these tests is the low leak rate of the rotomoulded PEEK liner material over tape-placed with the LATP Suprem IM7 CF/PEEK (L3). The permeability coefficient is higher for this dual layer material in comparison to its composite counterparts, but this is a measurement of the effective permeability and as such is taking the permeability of both materials into consideration during its analysis. The leak rate of the rotomoulded-LATP samples (L3) at 9.42 x 10 -5 scc/m 2 s is lower than that of the individual LATP CF/PEEK samples (L2) and slightly higher than that of the autoclaved CF/PEEK samples (L3). The leak rate of the rotomoulded PEEK LATP samples is well below the set allowable leak rate of 2.3 x 10 -4 scc/m 2 s for the COPV designed here and is almost 60% lower than the stated allowable giving a significant factor of safety to the current design configuration.
The permeability of the polymer lined COPV can also be predicted from the individual permeability coefficients of the PEEK polymer liner (L1), PLiner, and the permeability coefficient of the LATP CF/PEEK overwrap (L2), POverwrap, to predict a value for the dual layer configuration which can be compared to the measured value of the rotomoulded LATP configuration (L3) via [87] :
with the volumes VLiner and VOverwrap based on the constituent materials relative thicknesses, the predicted effective permeability is 4.04 × 10 -7 scc/m.s.bar. This is on par with the measured value of 5.05 × 10 -7 scc/m.s.bar given the relative inconsistency of the LATP CF/PEEK samples, as will be shown via X-ray CT scanning. This gives an equivalent predicted leak rate of 7.51 × 10 -5 scc/m 2 s for the samples tested here which is also close to the measured value of 9.42 × 10 -5 scc/m 2 s and demonstrates that there is still room for improvement.
The samples were then immersed in liquid nitrogen following the cryogenic cycling procedure outlined. After cryogenic cycling, the composite samples were retested for permeability. The results, Table 2 , show an increase in leak rate which is indicative of microcracking in the composite laminates. The majority of cracking has occurred after the first cryogenic cycle in the composite samples, as the leak rate has not increased significantly after continued cryogenic cycling up to ten cycles, which is consistent with published research [59, 72] . The rotomoulded PEEK samples tape-laid with the CF/PEEK tape were also cryogenically cycled, showing visible cracking in the through thickness direction of the liner. This compromises the design's effectiveness as a permeation barrier and as such no leak rate results were obtained for the tape-laid PEEK samples due to the cracking which mitigated the effective sealing of the sample. 
Cryogenic Cycling and X-ray CT Scanning
As has already been noted, PEEK lined CF/PEEK samples have been moulded on a hot plate and tested under cryogenic conditions to allow for comparisons to be drawn between these and the rotomoulded LATP samples. The samples were X-ray CT scanned before and after a single cryogenic cycle, with the results displayed by Fig. 12 (a) and (b) respectively, showing that the hot plate samples undergo significant failure of the liner after a single cryogenic cycle. This is evidenced by the numerous cracks in the X-ray image in Fig. 12 (b) whereby cracks have propagated through the thickness of the PEEK liner material and have resulted in complete failure of the design. This is due to the significant build up in thermal residual stress that the sample undergoes as it is cooled to cryogenic temperatures. Air voids are also present in the liner region, as they are an intrinsic property of rotomoulded components, but they can be removed via the application of an over-pressure during moulding [25] which was not undertaken for these samples due to a lack of facilities.
The build-up of thermal residual stress in the sample can be identified even before cycling has occurred as the X-ray image in Fig. 12 (a) shows a characteristic bend in the sample which is indicative of the greater shrinkage in the polymer liner (which has a coefficient of thermal expansion of 54 μm/m°C [88] ), in comparison to the composite material (which has a coefficient of thermal expansion of 0.2 μm/m°C in the fibre direction and 28.8 μm/m°C in the transverse direction [42] ), due to the liner's higher coefficient of thermal expansion. This is from the initial cool down of the sample from the stress free temperature of PEEK (which is 315°C [59] ) to room temperature and is further increased by the cool down to cryogenic temperatures, resulting in complete failure of the liner, and a return to a flatter sample structure with the release of the built up residual stress via cracking. The extent of cracking in the sample is displayed by a three dimensional reconstruction in (1) to (7), (1) being the bottom two layers of the laminate and (7) corresponding to the bonding region between the top two layers of the laminate.
Figure 13. 3-dimensional rendering of a PEEK-CF/PEEK hot plate moulded sample after cryogenic cycling with cracking visible in a solid and transparent view.
A number of conclusions can be drawn from a comparison between the two sets of images.
Firstly, and most importantly, the autoclaved CF/PEEK laminates in Fig. 14 are of a significantly superior quality to that of the LATP samples pictured in Fig. 15 . The autoclaved samples had no visible regions of debonding, internal defects, or voids between samples.
The lack of unbonded regions and gaps in the autoclaved laminates significantly increases their consistency, in regards to material properties, and gives them a consistently lower permeability than their LATP counterparts. Compare this to the LATP sample in Fig. 15 and significant gaps can be seen between individual tape layers in bond regions (7) and (5) which are denoted by the large dark regions in the X-ray images. This is due to the inconsistent width in the CF/PEEK tape used here which restricts the accuracy by which the tape layer can be applied creating an inhomogeneous structure within the laminate. specific X-ray images) are also indicative of unbonded regions which are not fully consolidated. A small fragment of foreign matter has also been included in layer (5) (highlighted by the red circle) which has caused an air gap in the sample. These issues affect the part quality while also affecting permeability [72] , since the inclusion of cracks and air voids will increase the rate of permeation through the laminate. A three dimensional view of the voids and defects in the LATP sample has also been provided in Fig. 16 , which has highlighted the internal void area within the laminate, again showcasing the relative inconsistencies of the LATP forming process. While the volume of the majority of these voids is quite low, they are thin and long which leads to significantly increased permeability rates throughout these regions which cover large sections of the laminate. is important, the liner's ability to resist cracking over repeated cryogenic cycling is the predominant factor affecting the vessels ability to store cryogenic fuels. Fig. 18 shows that 31 for two of the three samples tested, the liner material did not contain any cracks after 1, 2, 
Nano-Indentation
While the crack resistance for the LATP samples has shown a marked improvement over the hot plate moulded samples, the effects of the laser heating and melting process on the liner surface were also quantified. This suggests the presence of a laser-affected zone in the PEEK liner material, characterised by a more amorphous region with lower modulus at the bond line interface to a depth of 100 μm, which can be attributed to the rapid heating and cooling effect of the laser on the PEEK substrate. The remainder of the polymer liner below the 100 μm threshold is unaffected by the laser and so retains its higher modulus structure, which is consistent with the slower cool down it undergoes during the rotomoulding process. consistencies within moulded parts through enhanced thermal control via segregated heating, which was confirmed through thermal imaging and wall thickness measurements.
The new rotational moulding system was applied to the rotomoulding of PEEK powder which is reported for the first time, to the authors' knowledge.
Laser assisted tape-placement (LATP) has proven to be an acceptable method for polymer liner over tape-placement with the laying of CF/PEEK tape onto rotomoulded PEEK liners Nano-indentation testing has shown a reduction in the PEEK liner modulus at the bond line interface to a depth of 100 μm at the liner surface, postulated to be the depth of liner material which is heat-affected by the laser processing. The rapid heating and cooling experienced in this laser-affected zone could be the reason for the lower modulus, due to a lower crystallinity, thus giving an increased toughness and crack resistance to the liner-tapelaid configuration and therefore increasing its crack resistance to levels above those exhibited by hot plate moulded test samples.
